ABSTRACT. We examined the heterotic parameterizations of diallel crosses among 10 popcorn inbred lines in two different environments (municipalities of Campos dos Goytacazes and Itaocara, Rio de Janeiro State) and originating from tropical, temperate and subtropical germoplasm. Traits, including grain yield (GY), plant height (PH), ear height (EH), days to silking (FL) and popping expansion (PE), were measured. The inbred lines and the hybrids were evaluated in a randomized complete block design with three replications. The sources of genotypic variation, inbred lines and heterosis had significant effects on all traits. When the sources of heterotic variation were compared separately, estimated mean heterosis was found to be significant for all traits. When inbred lines and specific heterosis was investigated, only popping expansion was not significantly different, demonstrating that heterotic effects are favorable for developing superior hybrids. A direct relation between ĝ i and i Vˆ was made clear, especially for traits that were slightly influenced by the effects of dominance. Additivity was determined to have the best effect for improving popping expansion. The hybrid combinations had positive estimates of heterosis for the GY but not for PE. The hybrids P 1 x P 3 and P 2 x P 4 had the best responses for the GY and PE. The superiority of the combination P1 x P3 shows that the addition of genomes with different edaphoclimatic adaptations is an important factor in obtaining superior hybrids.
Introduction
Popcorn is quite popular in Brazil, and the crop area required for its growth has been expanding mainly due to the increased consumption of this product and of industrialized derivatives (CATAPATTI et al., 2008; RINALDI et al., 2007; . However, production can be considered low with respect to Acta Scientiarum. Agronomy Maringá, v. 33, n. 2, p. [243] [244] [245] [246] [247] [248] [249] 2011 the vast market potential of this crop (ARNHOLD et al., 2009) . One of the limiting factors for increasing the yield of this crop is that there are very few cultivars that have both favorable agronomic traits and high popping expansion MIRANDA et al., 2003; RINALDI et al., 2007) . Currently, only four hybrids (IAC 112, IAC 125, Zélia and Jade) and three varieties (BRS ANGELA, RS 20 and UFVM2-Barão de Viçosa) are recommended and/or registered by the National System for Protection of Cultivars of the Ministry of Agriculture, Livestock and Supply (PACHECO et al., 2000; SAWAZAKI, 2001; SCAPIM et al., , 2010 TRINDADE et al., 2010; VIEIRA et al., 2009) .
Though rare, diallel studies of popcorn in Brazil have been nearly exclusively done with crosses between varieties (ANDRADE et al., 2002; MIRANDA et al., 2008; ZANETTE, 1989) . Miranda et al. (2008) , working with five genitors in a diallel cross with advanced generations of hybrids (IAC 112 and Zélia) and three varieties (RS 20, Branco and SAM) , concluded the following: a) there is sufficient variability in Brazilian lines to allow for exploration of the non-additive effects for grain production, and b) there is little possibility of obtaining commercial varieties directly from local varieties because local varieties have poor popping expansion. Consequently, developing popcorn line hybrids can be considered a relevant strategy for crop improvement programs (MIRANDA et al., 2008; SILVA et al., 2010; VIEIRA et al., 2009) .
To date, popcorn hybrids have not been evaluated in Brazil by diallel cross analysis. For hybrid production, the few existing published studies have been based on testcrosses to infer the combining capacity of lines at generations S 3 , S 5 and/or S 6 (SAWAZAKI et al., 2000; SEIFERT et al., 2006; VIANA et al., 2007) . For this reason, we decided to determine the heterotic parameterizations of diallel crosses between 10 inbred lines of popcorn derived from tropical, subtropical and temperate zone genotypes. Experiments were conducted in two different environments, examining five agronomic characteristics in total.
Material and methods
Ten pre-selected lines, originating from tropical, temperate and subtropical genotypes (Table 1) , were crossed in a complete diallel scheme resulting in 45 F 1 hybrids. In March 2007, seeds of the inbred lines were planted with a spacing of 0.9 m between rows and 0.4 m between plants in the row to obtain the hybrids. Pollen grains for the crosses between lines were collected in brown paper bags during flowering. Parental inbreds Description of the population which the inbred were obtained P 1 (PR 023) from the three-way hybrid 'Zélia', which belongs to Pioneer Seeds, and consists of temperate and tropical inbreds P 2 (PR 024) from the composite of yellow grains 'CMS-42', which belongs to Embrapa-Maize and Sorghum, and consists of tropical inbreds P 3 (PR 036) from the composite of white grains 'CMS-42', which belongs to Embrapa-Maize and Sorghum, and consists of tropical inbreds P 4 (UEM J1) from South American races of tropical regions P 5 (PR 045-1) P 6 (PR 045-2) P 7 from the three-way hybrid 'Zaeli', which consists of temperate inbreds P 8 (PR 087-1) P 9 (PR 087-2) P 10 (PR 087-3) from the modified one-way hybrid 'IAC112', adapted to tropical regions, and which consists of inbreds from the open pollinated variety 'South Americam Mushroom' with inbreds from the South American intervarietal hybrid 'Guarani' x 'Amarela'
In November 2007, two trials were run in the following environments: i) in the experimental fields of the Colégio Estadual 'Antônio Sarlo', in the municipality of Campos dos Goytacazes, in the northern region of Rio de Janeiro State (21º 45' south latitude, 41º 20' W longitude and 11 m altitude), and ii) in the experimental fields of PESAGRO-RIO, in the municipality of Itaocara, in the northeastern region of the state of Rio de Janeiro (21º 39' 12'' south latitude, 42º 04' 36'' W longitude and 60 m altitude), 120 km away from Campos dos Goytacazes.
In both fields, the trials were carry out in a complete block experimental design with three replications. The treatments were the 45 F 1 hybrids and the 10 genitor lines. Randomization of the treatments was done separately for the group of inbred lines and for the group of hybrids so that the hybrids and inbred lines were not in neighboring plots, avoiding competition effects. The experimental plots consisted of planted rows 10.0 m long with 0.90 m spacing between rows and 0.20 m spacing between plants.
Several agronomic traits were evaluated, including the following: i) grain yield (GY), for which ears were harvested by hand in each parcel, and the production values were corrected to a standardized humidity of 15% and transformed into kg ha also evaluated and estimated for a sample of 30.0 g of grains that were popped in a microwave oven (Panasonic, model NN-S65B) at 1000 W for 3 min. Six replications were conducted per treatment. The grains submitted to the popping test were taken from the central-basal part of the corn ears. These samples, and the 1.0 kg standard sample, were maintained in a cool, dry storage chamber. The expansion capacity estimate was made when the standard sample reached 14% humidity. Analysis of the diallel was done using model II of Gardner and Eberhart (1966) , with adaptations proposed by Morais et al. (1991) for analyses in various environments according to the statistical model.
Where: Y ijj' is the mean of the inbred lines if j = j' and of the cross if j ≠ j', in the i th environment; e i is the environmental effect; ev ij and ev ij' are the effects of the interaction environment x inbred lines, and h is the mean heterosis effect; h i is the effect of the environment x mean heterosis; h j and h j' are the heterosis effects of the inbred lines; eh ij and eh ij' are the effects of the interaction environment x inbred lines heterosis; s ij' is the effect of specific heterosis; and es ijj' is the effect of the interaction environment x specific heterosis. The parameters of the model are defined by analogy to the model of Gardner and Eberhart (1966) , in which for j = j', we have θ = 0 and for j ≠ j', θ = 1. The statistical analyses were done with the program GENES .
Results and discussion
The sources of variation genotype, inbred lines and heterosis had significant effects for all traits based on the F test (Table 2) . With regard to the source of variation inbred lines, significant mean squares indicated that the lines did not constitute a uniform group, differing in the general combining capacity. The significant effect of heterosis demonstrates that heterosis affects the general combining capacity.
Separation of source of variation of heterosis revealed significant mean heterosis values for all of the traits, indicating that there is sufficient genetic divergence among the inbred lines that were evaluated to allow for genetic improvement. Inbred lines heterosis did not significantly affect PE, indicating that the lines were not significantly different for this trait. Among the other traits, the finding of most significance demonstrated that at least some of the genitors were different from each other in terms of mean genetic frequencies or in the degree of dispersion of these frequencies.
When specific heterosis was evaluated, it was found that only PE did not differ significantly, which demonstrates that these heterotic effects are not favorable for the synthesis of superior hybrids. This conclusion is similar to that of former studies that demonstrated the superiority of additivity for PE (DOFING et al., 1991; LARISH; BREWBAKER, 1999; LYERLY, 1942; PACHECO et al., 1998; AMARAL JÚNIOR, 2001; SIMON et al., 2004; MATTA, 2003) .
However, it is important to understand that the lack of importance of heterosis for PE does not impede the ability to obtain superior hybrid combinations because if one has lines with elevated CE, due to successive expression of additivity in a series of selfings, this same additivity will help the hybrid express the mean of the estimates of PE in the genitor inbred lines. Analysis of the sources of environmental variation, including genotype x environment, inbred lines and heterosis x environment interactions gave significant values for all traits but PE (Table 2) . Alexander and Creech (1977) indicated that inheritance of PE is polygenic with little environmental influence. When heterosis was partition in mean heterosis x environments, inbred lines heterosis x environments and specific heterosis x environments, the following results were found: i) in mean heterosis x environments, only GY was significantly affected, and ii) in inbred lines heterosis x environments and specific heterosis x environments, only PE was not significantly affected.
For grain yield, the inbred lines P 3 , P 5 , P 2 and P 4 were the most promising per se for use due to the high values expressed for the i Vˆ estimate (Table 3) . Despite the reduced values, the characteristics PH and EH had higher magnitudes of i Vˆ for the inbred lines P 4 and P 5 , indicating that these lines contributed to increases in the value of this trait. On the other hand, considering the interest in the reduction of plant size and height of the first ear because of the high winds that are common in Campos dos Goytacazes and Itaocara, the line with the best performance per se was P 1 . Although P 7 also resulted in negative values for both traits, they were of low magnitude (Table 3) . 55779.2233 0.0166 0.0053 3.0060 0.2342 1 P 1 = PR 023; P 2 = PR 024; P 3 = PR 036; P 4 = UEM J1; P 5 = PR 045-1; P 6 = PR 045-2; P 7 = PR 045-3; P 8 = PR 087-1; P 9 = PR 087-2; P 10 = PR 087-3.
2 GY = Grain Yield; PH = Plant Height; EH = Ear Height; FL = Days to silking; and PE = popping expansion.
Inbred Lines P 4 and P 9 stood out as being exceptional for the FL trait because they gave high negative values for the estimate i Vˆ, which revealed potential for reducing the number of days to flowering in intrapopulational breeding programs. Six Inbred lines gave negative estimates of i Vˆ for PE, including the following: P 1 , P 3 , P 4 , P 5 , P 6 , and P 7 .
Based on these results, a direct relation between ĝ i and i Vˆ was made clear, especially for traits that were little influenced by the effects of dominance, such as PE, in which dominance contributed only 10% towards total inherent heterosis of the sum of squares of the genotypes.
We can affirm that inbred lines P 2 , P 3 , P 4 and P 5 were the most promising for the greatest number of traits, especially for grain yield. Nevertheless, these inbred lines did not have good values for PE, demonstrating that the best genitors for production are not the best for grain quality.
In terms of the amplitude of variation in the effects of genitors and between genitors, it can be concluded that the genitors differ when the amplitude of variation is greater than twice the standard deviation; that is, there is genetic variability between the inbred lines (SINGH; CHAUDHARY, 1985) . The characteristics PH, EH and PE had differences greater than two. Characteristic GY gave the lowest value (0.0202). This leads to the idea that allelic complementations contributed more than differences between the inbred lines for heterotic expression of these characteristics.
The characteristic GY gave high positive values for mean heterosis, demonstrating the expected hybrid vigor. FL gave negative heterosis values, demonstrating the possibility of selecting for precocity (Table 4) . On the other hand, the mean negative heterosis for PE indicated that genetic improvement through heterosis of these inbred lines will not be viable. Consequently, it is necessary to follow the premise of , who indicated that when there is a low level of heterosis predictions about the hybrid should be made based on a mean of the genitors. 20917.2080 0.0062 0.0020 1.1270 -1 P 1 = PR 023; P 2 = PR 024; P 3 = PR 036; P 4 = UEM J1; P 5 = PR 045-1; P 6 = PR 045-2; P 7 = PR 045-3; P 8 = PR 087-1; P 9 = PR 087-2; P 10 = PR 087-3. 2 GY = Crop Yield; PH = Plant Height; EH = Ear Height; FL = Days to silking; and PE = popping expansion.
Acta Scientiarum. Agronomy Maringá, v. 33, n. 2, p. [243] [244] [245] [246] [247] [248] [249] 2011 In the case of GY, for which there were environmental effects both for the inbred lines and for heterosis and its components, an indication of genitors for producing hybrids based on the performance of inbred lines heterosis is a fragile strategy, especially when the participation of this effect in total heterosis is markedly inferior. This became clear when the sum of squares of the inbred lines heterosis contributed only 2.03% to the sum of squares of total heterosis. Consequently, the logical strategy for this characteristic is to choose genitors for crosses based on estimates of i Vˆ because it is clear that genetic divergence strongly contributes to the expression of hybrid vigor.
For PH and EH, the positive values for the estimates of mean heterosis can be explained by the higher percentage of the contribution of the sum of the genotypes to the sum of squares of total heterosis. Examining the environments together, 70.90 and 62.05%, respectively, of the sum of the squares effects of total heterosis of PH and EH contributed to the sum of squares of the genotypes. This degree of heterotic expression makes it difficult to produce hybrids with reduced ear insertion height. When we examined the number of days to flowering, the inbred lines with negative values for the estimate i ĥ , including: P 2 , P 3 , P 4 , P 6 and P 9 , tended to promote precocity in the resulting hybrids.
For grain yield, the expectations for the best hybrids were based on the most highly positive estimates of ŝ ij , which were found in the following: P 1 x P 9 , P 2 x P 9 , P 3 x P 7 , P 5 x P 9 , and P 6 x P 7 (Table 5 ). P 1 = PR 023; P 2 = PR 024; P 3 = PR 036; P 4 = UEM J1; P 5 = PR 045-1; P 6 = PR 045-2; P 7 = PR 045-3; P 8 = PR 087-1; P 9 = PR 087-2; P 10 = PR 087-3. By associating the characteristics PH and EH, it was found that the most promising combinations were P 6 x P 9 , P 2 x P 8 , P 1 x P 7 and P 2 x P 4 because they gave high negative values for the estimate ŝ ij . For the characteristic FL, the combinations that gave the highest negative values for the estimate ŝ ij , were the following: P 6 x P 9 , P 1 x P 4 , P 1 x P 8, and P 7 x P 8 .
Conclusion
The inbred lines did not have good values "per se" for popping expansion, demonstrating that the best genitors for production are not the best for grain yield. The hybrids P 1 x P 3 and P 2 x P 4 had the best responses for the grain yield and popping expansion.
